Spin-torque memristors were proposed in 2009, which could provide fast, low-power and infinite memristive behavior for large-density non-volatile memory and neuromorphic computing. However, the strict requirements of combining high magnetoresistance, stable intermediate states and spinpolarized current switching in a single device pose difficulties in physical implementation. Here, we experimentally demonstrate a nanoscale spin-torque memristor based on a perpendicular-anisotropy magnetic tunnel junction with a CoFeB/W/CoFeB composite free layer structure. Its tunneling magnetoresistance is higher than 200%, and memristive behavior can be realized by spin-transfer torque switching. Memristive states are maintained by robust domain wall pinning around clusters of W atoms, where nanoscale vertical chiral spin textures could be formed through the competition between opposing Dzyaloshinskii-Moriya interactions and the fluctuating interlayer coupling caused by the Ruderman-Kittel-Kasuya-Yosida interaction between the two CoFeB free layers. Spiketiming-dependent plasticity is also demonstrated in this device.
Significance
In this research, a nanoscale all-spin-torque memristor based on perpendicular-anisotropy magnetic tunnel junction with W-inserted dual free layers is experimentally demonstrated and the spike-timing-dependent plasticity functionality is validated in a single spintronic device. In addition, we demonstrate that vertical chiral vortices could form under the energy competition between the Ruderman-Kittel-Kasuya-Yosida interaction and the opposing interfacial Dzyaloshinskii-Moriya interactions in ferromagnet/heavy metal/ferromagnet structure. This new spin texture is shown to be the origin of the memristive behavior by creating robust domain wall pinning effect in the free layer.
This work paves a way for the practical application of spintronic device on neuromorphic computation, which shows great potential to overcome the Von Neumann bottleneck.
Memristors are considered to be essential elements for realizing neuromorphic computing (1) (2) (3) .
Traditional memristors rely on ion motion and ionic valence changes in materials (1, 4, 5) . However, most of them suffer from certain limitations, such as finite endurance or relatively low switching speed (1) . Spin-torque memristors, in which the state is modulated by a spin-polarized current, provide an alternative solution (6) . The concept of a spin-torque memristor, in which the domain wall (DW) motion in the free layer (FL) of a magnetic tunnel junction (MTJ) is used to obtain a memristive magnetoresistance, was first proposed in 2009 (7) . Nevertheless, no real device with all-spin-torque operation has been experimentally reported until now. The intermediate tunneling magnetoresistance
(TMR) is difficult to stabilize against thermal activation or stimulus currents, especially in devices with nanoscale dimensions (8) . An FL in the partially switched state with DWs has usually higher energy than monodomain states because both Heisenberg exchanges and magnetic anisotropy favor a collinear spin texture. Several possible solutions have been proposed, such as creating an intermediate state with the assistance of shape anisotropy (9) or manipulating memristive switching by means of DW pinning in some complex geometries (10, 11) or by engineering the reference layer (12) . However, these solutions require a large device size or an external magnetic field for the practical realization of memristive behaviors. The interfacial Dzyaloshinskii-Moriya interaction (DMI) (13, 14) , a form of antisymmetric exchange that favors a chiral spin texture, makes it possible to obtain intrinsically stable noncollinear magnetic structures in nanometer-scale magnet and provides new means to realize memristive MTJs with nanoscale dimensions (15, 16) .
In this work, we experimentally demonstrate a nanoscale spin-torque memristor based on a perpendicular-anisotropy MTJ with W-inserted dual FLs. A high TMR ratio, a low resistance-area product (RA), and spin-polarized-current-induced switching are achieved. The memristive behavior originates from robust DW pinning, which could arise from the fluctuations of the DW surface energy around clusters of W atoms under the competition between the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the interfacial DMIs (13, 14) . The spike-timing-dependent plasticity (STDP) functionality is also validated based on this spin-torque memristor. Figure 1A introduces the layer structure used to fabricate the memristive MTJ: synthetic constantly applied during the test to compensate the bias of stray field from the reference layer, the same is also true throughout the manuscript.
Results

Dual-FL MTJ device
(0.75)/Ta (3.0). The stack was prepared with a Singulus magnetron sputtering machine and was annealed at 390°C for 1 hour after deposition. In contrast to traditional MTJs with a single-FL structure, in this study, an atomic-thickness W layer was inserted between two FLs during sputtering deposition to engineer the FL properties (17, 18) . A transmission electron microscopy (TEM) image of the multilayer stack is presented in Fig. 1B .
The dual-FL MTJ film was patterned into circular nanopillars with a 200-nm radius (R) using electron beam (e-beam) lithography and Ar ion milling and was instrumented with gold electrodes, as shown in Fig. 1C . Then, spin-transfer torque (STT)-induced magnetization switching was demonstrated using a voltage pulse with a duration (τ) of 100 ms, presenting multiple intermediate states (Fig. 1D) . A TMR ratio as large as 200% and an RA of 7 Ω μm 2 were obtained at room temperature. The switching current was on the order of MA cm -2 .
Memristive tunneling magnetoresistance
In order to demonstrate the stability of these intermediate states, Figure 3 gives the current-voltage loop obtained by a train of τ=200 ns switching voltage pulses. One can find that once the applied voltage increases over a threshold value, the resistance of the device varies quasi-continuously, which is typical memristive behaviors.
We also checked the stability of the intermediate states against external magnetic fields. First, the resistance-magnetic field hysteresis loop in a device with R=200 nm was measured at a low temperature, as shown in Fig. 2D 
Synaptic plasticity
Due to its two-terminal nanoscale structure, tunable resistance, and non-volatile operation, this spin-torque memristor could be used for neuromorphic computing as synaptic devices(20). The plasticity, an essential property of an electronic synapse(21), was investigated by applying two different types of spike stimulation. Figure 3A shows the evolution of the resistance during the potentiation and depression cycles induced by a series of voltage pulses with τ = 200 ns. The magnitude However, the field-induced magnetization reversal of the FLs appears to be gradual, indicating that the DW propagation field in this film is much larger than the DW nucleation field. Next, both the fieldinduced and current-induced DW motion in the FL film were explored using Kerr microscopy. Figure   4B shows a dendritic trace after DW motion induced by a magnetic field of 3.6 mT, which is much In addition, we prepared microwires based on MgO/CoFeB/W/CoFeB/MgO stacks and tried to observe STT-driven DW motion. As shown in Fig. 4D , after the creation of several DWs via a short magnetic field pulse, an in-plane current was applied. No DW motion was observed even when the current density reached 2.4×10 11 A/m 2 . When the current was further increased, maze domains appeared, which was probably a result of demagnetization caused by Joule heating. This result further confirms the difficulty of magnetic switching via STT-induced DW motion in the FLs of our device.
Hybrid DW structure induced by the interfacial DMIs and the RKKY interaction (D) DW behavior driven by a current pulse in microwire patterned based on the FL film. The 1 st image shows the magnetic state after DW creation using a field pulse, and the 2 nd and 3 rd images show DW states after the application of a current pulse.
Conventionally, a heavy metal/CoFeB/MgO stack is very soft(24). Here, we measured the DW motion velocity in a W/CoFeB(1 nm)/MgO single ferromagnetic layer film for comparison and found the intrinsic pinning field was 4.1 mT, much lower than that for double FL films, as shown in Fig. 4C .
In the dual FLs of our device, the pinning strength is increased by a factor of 4 after the insertion of the W layer. This strong pinning effect cannot be merely explained by DW energy fluctuations caused by the roughness of the interfaces since both the number of interfaces involved and the total thickness of CoFeB are doubled in the dual-FL film compared with the single-magnetic layer film(26).
As seen from the hysteresis loop, the 0.2-nm-thick W spacer results in a globally strong ferromagnetic exchange coupling between the UpFL and LwFL, consistent with the experimental measurements of S. Parkin(27) . On the other hand, as seen from the energy-dispersive X-ray spectroscopy (EDS) mapping of our multilayer stack shown in Fig. 5A , the spatial distribution of W atoms is not homogeneous, with some stochastic overlap and some breakage. This inhomogeneous distribution of W may be caused by atom diffusion during the annealing process. According to the RKKY theory, two ferromagnets (FMs) separated by a thin metal layer can exhibit periodic ferro-/antiferromagnetic exchange, where the period depends on the type and lattice structure of the metal.
Based on the experimental data reported by S. Parkin(27) and our fitting results according to the RKKY law, two FMs neighboring a W spacer begin to exhibit an antiferromagnetic coupling when the W thickness reaches approximately 0.44 nm, and the coupling reaches its peak at a W thickness of 0.55 nm, corresponding to approximately two atomic layers(28). Therefore, although the two FM layers in the FL structure of our stack exhibit global ferromagnetic exchange, the stochastic overlapping of the W atoms (W clusters) may lead to an antiferromagnetic exchange in some local regions.
On the other hand, considerable DMIs can arise at a W/CoFeB interface, because of the spin-orbit coupling(29, 30), and also at a CoFeB/MgO interface, which may be related to the charge transfer and electric field at this interface (31) (32) (33) . This interaction is especially large for an Fe-rich CoFeB composition, as in our case, and promotes a chiral magnetic texture in the magnetic layer (34, 35 with weak ferromagnetic coupling, a vertical vortex with a chirality dominated by the DMIs is formed.
We calculated the DW energy when interlayer exchange coupling and DMIs are involved. For simplicity, we suppose that the two FLs are totally mirror symmetric with respect to the spacer layer.
The tilt angle of the magnetization in the center of a DW (⃗⃗ DW ) with respect to the transverse direction is θ (-θ) in the LwFL (UpFL), where ∈ [0, /2]. The total magnetic energy of the DW is(36, 37)
where 0 = 4 √ is the surface energy of a Bloch DW with θ=0 (38) , as described in the first case in Fig. 5B , without considering the DMI energy, Aex is the exchange stiffness, Keff is the effective anisotropy constant, ∆ is the DW width, M is the thickness of a single FL, and is the energy associated to the dipole-dipole interaction. According to our numerical calculation and fitting, the last term can be approximately described by a simple expression ≈ (1 + cos 2 ), where A≈0.78 mJ/m 2 in our case (39) (see the supplementary material S1). By minimizing the DW surface energy using ∂ ∂θ = 0, we obtain the value of θ at equilibrium: Moreover, the dendritic domains after field-driven DW motion or after the application of a strong current also suggest that the strong demagnetizing field due to the thick FLs in this sample (1.8 nm in total) plays a non-negligible role. This demagnetizing effect also helps to maintain a multidomain state in the FLs (see the supplementary materials S1).
Conclusion
In conclusion, a spin-torque memristor with a high TMR ratio, a low RA, a low working current, and a nanoscale size has been obtained by engineering an atomic-thickness W spacer between dual 
Materials and Methods
Device preparation
The MTJ films were deposited by a Singulus TIMARIS 200 mm magnetron sputtering machine at a base pressure of 3.75×10-9 Torr. Circular nanopillars were patterned by e-beam lithography, followed by Ar ion milling and SiO2 insulation. After the lift-off procedure, Ti/Au electrodes were evaporated for measurements.
Characterization of the film
Fundamental properties of the MTJ stack and the FL stack, including the saturation magnetization and the perpendicular anisotropy, were both measured via VSM. In addition, the domain structure and DW motion in the FL film were observed using a Kerr microscope with a 400-nm resolution. A fastperpendicular field with a rise time of sub-microsecond, which is produced by a small magnetic coil, is used to measure the DW motion velocities in the magnetic film. The strength of DMIs in films with different structure asymmetries are measured via analyzing DW motion velocities when out of plane magnetic fields and in-plane fields are applied simultaneously (see supplementary material S1).
Electrical measurements of the device
The setup for the electrical characterization of the spin-torque memristor consists of a Lake Shore CRX-VF cryogenic probe station, Keithley 6221 current sources, and 2182 nanovolt meters. 
Supplementary materials
1.
More information about the stack (1) Saturation magnetization and perpendicular anisotropy energy
Both the in-plane and out-of-plane (perpendicular) hysteresis loops of the film used to fabricate the magnetic tunnel junction (MTJ) were measured via vibrating sample magnetometry (VSM), as shown in Fig. S1A . Both the free layer (FL) structure and the reference layer exhibited good perpendicular magnetic anisotropy (PMA). Furthermore, the dual FLs were globally well ferromagnetically coupled.
After producing a film (FL film) with the same structure as the FL structure of the MTJ stack, we characterized the in-plane (Fig. S1B ) and out-of-plane ( (2) Dzyaloshinskii-Moriya interactions (DMIs) in films with different symmetry breaking We fitted these data using the well-known RKKY law (7): where A is a parameter related to the magnitude of the coupling strength and kF is a parameter related to the oscillation period. The fitting results are shown in Fig. S3 . From this fit, we can conclude that the ferromagnetic coupling between the two magnetic layers is Jex=0.6 mJ/m 2 at tW=0.2 nm and drops to zero at tW=0.43 nm.
2.
Magnetic static energy for coupled Bloch and chiral vortex DW configurations
The local dipole-dipole interactions between the DWs in the two FLs promote the formation of a chiral vortex DW because this type of DW configuration has a lower magnetic static energy than a coupled Bloch DW (8) . Since the theoretical calculation of this energy is very difficult, here, we perform a numerical calculation using the micromagnetic simulation software MuMax3(9).
The simulated structure is shown in Fig. S4 with respect to the y-axis was varied from 0 to π/2 (0 to -π/2). The total demagnetizing energy for the simulated system, , was saved during the simulation.
Then, the DW energy per unit area associated with the dipole-dipole interactions was calculated as follows:
where 0 is the demagnetizing energy of the whole simulated system when θ=π/2, which is taken as the reference level of the demagnetizing energy; =1.8 nm is the total magnetic layer thickness; and w=16 nm is the width of the simulated structure, i.e., the length of the DW.
The variation in as a function of θ is plotted in Fig. S5 , which can be fitted by ≈ (1 + cos 2 ). For this simulated configuration, the DW energy associated with the dipole-dipole interactions decreases by more than 1.6 mJ per unit area when the DW structure changes from the coupled Bloch configuration to the chiral vortex configuration. This is an important factor for the formation of chiral vortices. In the beginning, a DW was set in the left of the film as the initial state. Then a 10 mT perpendicular field was applied continuously. We observed that the DW moved to the right and then entered the area where RKKY interactions lost. At the same time, the structure of the DW changes from Bloch type to chiral vortex. As calculated before, the chiral vortex wall can minimize both the DMI energy and demagnetizing energy, therefore, this structure served as an energy well and robustly pinned the DW.
No further DW motion occurred in following. The magnetic state of the film was saved during the simulation, two frames of them can be found in Fig. S7 and the video can be found in the Supplementary material 2. 
